clearance-inactivation of the endoplasmic reticulum Ca 2ϩ -ATPase with thapsigargin and inhibition of the plasma membrane Ca 2ϩ -ATPase with high pH-significantly accelerated the temperatureinduced rise in resting Ca 2ϩ concentration and reduced the thermotolerance of synaptic transmission. Disrupting Ca 2ϩ -ATPase function by interfering with energy production also facilitated the temperatureinduced rise in resting [Ca 2ϩ ] and reduced thermotolerance of synaptic transmission. Conversely, fortifying energy levels with extra intracellular ATP extended the operating temperature range of both synaptic transmission and Ca 2ϩ regulation. In each of these cases, Ca 2ϩ elevations evoked by an electrical stimulation of the nerve (evoked Ca 2ϩ responses) failed when resting Ca 2ϩ remained Ͼe 200 nM for several minutes. Failure of synaptic function was correlated with the release of intracellular calcium stores, and we provide evidence suggesting that release from the mitochondria disrupts evoked calcium responses and synaptic transmission. Thus the thermal limit of synaptic transmission may be directly linked to the stability of ATP-dependent mechanisms that regulate intracellular ion concentrations in the nerve terminal.
indicator Fura-dextran to monitor calcium regulation as temperature increased. Block of the Na ϩ /Ca 2ϩ exchanger or removal of extracellular Ca 2ϩ prevented the normal temperature-induced increase in resting calcium. Conversely, two treatments that interfered with Ca 2ϩ clearance-inactivation of the endoplasmic reticulum Ca 2ϩ -ATPase with thapsigargin and inhibition of the plasma membrane Ca 2ϩ -ATPase with high pH-significantly accelerated the temperatureinduced rise in resting Ca 2ϩ concentration and reduced the thermotolerance of synaptic transmission. Disrupting Ca 2ϩ -ATPase function by interfering with energy production also facilitated the temperatureinduced rise in resting [Ca 2ϩ ] and reduced thermotolerance of synaptic transmission. Conversely, fortifying energy levels with extra intracellular ATP extended the operating temperature range of both synaptic transmission and Ca 2ϩ regulation. In each of these cases, Ca 2ϩ elevations evoked by an electrical stimulation of the nerve (evoked Ca 2ϩ responses) failed when resting Ca 2ϩ remained Ͼe 200 nM for several minutes. Failure of synaptic function was correlated with the release of intracellular calcium stores, and we provide evidence suggesting that release from the mitochondria disrupts evoked calcium responses and synaptic transmission. Thus the thermal limit of synaptic transmission may be directly linked to the stability of ATP-dependent mechanisms that regulate intracellular ion concentrations in the nerve terminal.
I N T R O D U C T I O N
Exposure to hyperthermia increases resting calcium concentration in a variety of cell types (Cohen et al. 2007; Kiang et al. 1992) . In Drosophila, the hyperthermia-induced loss of locomotor pattern generation and behavior correlates with the failure of synaptic function and a large increase in presynaptic resting calcium concentration (Klose et al. 2005 (Klose et al. , 2008 . Treatments such as heat shock or Hsp70 expression, which thermoprotect parameters of synaptic function including quantal content (Karunanithi et al. 1999 , also improve the nerve terminal's ability to maintain near-normal resting calcium concentration at high temperatures (Klose et al. 2008 ). This suggests a direct relationship between presynaptic mechanisms of calcium regulation and the thermotolerance of synaptic function. Loss of neuromuscular transmission at high temperature is not the result of unresponsive Na ϩ channels, nor is it the result of postsynaptic glutamate receptor inactivation; these observations further support the primacy of presynaptic mechanisms (Klose et al. 2005 (Klose et al. , 2008 .
The loss of normal cytosolic calcium regulation is common during stress-induced pathologies (Bickler and Buck 1998; Buck and Parmenter 2006; Stys 2004) . Pathological elevations in free calcium activate destructive enzymatic activity resulting in cytoskeletal disruption, DNA fragmentation, and organelle damage (Budd 1998; Orrenius et al. 1989) . Thus preventing large increases in resting intracellular calcium ion concentration ([Ca 2ϩ ] i ) enhances cellular survival. However, what is responsible for the temperature-induced rise in calcium and what role it may play in disrupting evoked calcium responses and synaptic transmission is unclear.
In the present study, we examined calcium regulation in nerve terminals at rest and during stimulation to address the importance of processes that regulate intracellular Ca 2ϩ and thermosensitivity of synaptic function. The neuromuscular junction of the fruit fly, Drosophila melanogaster provides a synaptic preparation in which [Ca 2ϩ ] i can be measured at rest and during stimulus trains using the ratiometric fluorophore Fura-dextran and in which both genetic and pharmacological interventions can be achieved. Calcium entering through voltage-gated calcium channels is rapidly sequestered by organelles or cleared out of the nerve terminal at the surface membrane. We functionally disrupted these calcium clearance mechanisms one at a time, using pharmacological or genetic procedures to assess their effects on calcium regulation at elevated temperatures The results support the hypothesis that ATP-dependent calcium clearance mechanisms are major determinants of the thermotolerance of Ca 2ϩ responses evoked by nerve activity and of sustained synaptic transmission.
M E T H O D S

Fly stocks
All the flies were raised on standard cornmeal medium at 25°C and 60 -70% humidity. Early wandering third-instar larvae were selected for the experiments. Drosophila lines used were Canton-S unless otherwise stated.
The dmiro mutant flies and their controls, P[ryϩ,FRT] 83B,ryϪ, were obtained from Dr. Konrad Zinsmaier (University of Arizona). These flies were generated through ethylmethane sulfonate (EMS) mutagenesis and screened for altered phototaxis (Guo et al. 2005) . In these mutants, proper distribution of mitochondria is disrupted by a mutation in mitochondrial Rho-GTPase preventing transport into nerve terminals where synaptic transmission is initiated. Mutant lines were kept over a TM6 Tb balancer chromosome.
Experimental procedures
For physiological experiments, dissections were carried out in Schneider's insect medium (Sigma-Aldrich) to minimize contractions and reduce the chance of damage during dissection. The larvae were opened by a mid-dorsal incision, and the internal organs were then removed, leaving the nervous system and body wall muscles intact. Physiological recordings were obtained from preparations that were continuously superfused with HL6 solution containing 0.5 mM Ca 2ϩ . HL6 contained (mM) 0.5 CaCl 2 , 15.0 MgCl 2 , 24.8 KCl, 23.7 NaCl, 10.0 NaHCO 3 , 20.0 isethionic acid, 5.0 N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES), 80.0 trehalose⅐2H 2 0, 5.7 L-alanine, 2.0 L-arginine ⅐HCl, 14.5 glycine, 11.0 L-hisatidine, 1.7 L-methionine, 13.0 L-proline, 2.3 L-serine, 2.5 L-threonine, 1.4 L-tyrosine, 1.0 L-valine, 1.0 Trolox, and 0.0001 N, N, NЈ, . L-glutamate (7 mM) was added to the solution to desensitize glutamate receptors to prevent muscle contractions during stimulation and Ca 2ϩ imaging. . To identify the mechanisms regulating synaptic thermotolerance, several pharmacological manipulations were employed. To disrupt the plasma membrane Ca 2ϩ -ATPase, we replaced BES buffer with Tris and the pH was elevated to 8.8 with NaOH. The sodium/Ca 2ϩ exchanger was disrupted by replacing sodium chloride with N-methyl-D-glucosamine (Sigma-Aldrich) (Lnenicka et al. 2006) . In Ca 2ϩ -free experiments, calcium was removed and 1 mM EGTA was added to the saline solution. In one set of experiments, we tested the effects of high pH using both HL6 and HL3 solution (Stewart et al. 1994) .
In experiments conducted to test thermosensitivity, temperature was increased in a stepwise manner in increments of 2°C. Recordings were taken after 4 min at each individual temperature so that each preparation was subjected to the same stress dose (Klose et al. 2004) . For the calcium studies that employed Fura-dextran, images were taken once every 5 s, during 20 s of rest, during 20 s of 30-Hz stimulation and during 20 s immediately following the cessation of stimulation. Electrophysiological experiments were run using the same protocol used in the calcium imaging experiments with two exceptions: no glutamate was put in the saline and in between bouts of 30-Hz stimulation, the nerve was stimulated at 0.3 Hz to determine more precisely the temperature of failure of synaptic transmission.
A fast or steep temperature ramp results in much higher failure temperatures than obtained with slower temperature ramps (Gerner 1987; Klose et al. 2004) . A very high temperature exposure for a short duration can have the same ill effects as a less extreme temperature over a longer period of time. Thus temperature ramp rate was consistent across all experiments so that the failure temperature could be used as a reliable measure of thermotolerance.
Calcium measurements
Measurements of Ca 2ϩ concentration in type 1 b (large, tonic) nerve terminals were obtained by loading the calcium indicator Fura-dextran (10 kDa; Molecular Probes) into the cut end of the motor axon, as described in Macleod et al. (2002) .
Fluorescence from the nerve terminals of Fura-dextran-loaded neurons was detected with an intensified CCD camera (PTI, model IC-100; Princeton, NJ) connected to a Lightning 2000 frame grabber controlled by Axon Imaging Workbench 2.2 (AIW 2.2; both from Axon Instruments, Union City, CA). Emitted light was collected by an Olympus water-immersion objective (ϫ40, 0.7 NA) through a 530 Ϯ 35-nm band-pass filter, both mounted on an upright Nikon (Optiphot-2) microscope. The loaded neurons were excited with light from a mercury arc lamp alternately through 350 Ϯ 5 and 385 Ϯ 5 nm band-pass filters on a rapidly switching filter wheel (Omega Optical, Brattleboro, VT) .
Calibration experiments were conducted to obtain the maximum (R max ) and minimum (R min ) fluorescence values for the preparation in the experimental chamber. These values were used to calculate the values for calcium recorded with the Fura-dextran (Grynkiewicz et al. 1985) . For R max , HL6 containing 10 mM Ca 2ϩ and 1 M ionomycin was employed. Then the solution was replaced with HL6 containing no calcium, 10 mM EGTA, and 1 M ionomycin to obtain R min . The value for K d was taken as 865 nM following previous work by Macleod et al. (2002) and Bronk et al. (2005) .
ImageJ software (http://rsb.info.nih.gov/ij/) was used to convert PIC image files to TIFF format, allowing measurement of average pixel value within selected image regions. A region not containing any calcium indicator fluorescence or autofluourescence was randomly selected beside each fluorescent nerve terminal and the average pixel intensity was measured in this region to give a background value.
Stimulation protocol
In both electrophysiological and calcium-imaging experiments, nerves were stimulated by a square pulse with a duration of 1.9 ms and just-suprathreshold stimulus intensity. Occasionally at moderate temperatures, negative pressure applied to the nerve or a small increase in stimulus intensity (0.5 V) was needed to restore the evoked calcium response.
In experiments that had no sodium in the physiological saline, the stimulus intensity was increased to as much as 100 V to electrotonically stimulate voltage-activated calcium channels in the nerve terminal. Electrotonic stimulation has been used successfully at the Drosophila neuromuscular junction to directly recruit voltage-activated calcium channels independently of action potentials (Bronk et al. 2001; Klose et al. 2008) . On failure of synaptic responses, electrotonic stimulation was used to bypass Na ϩ channels and directly stimulate Ca 2ϩ channels. Neither the excitatory junctional potential nor the evoked Ca 2ϩ response recovered with electrotonic stimulation in any of the experiments.
Pharmacological experiments
Thapsigargin (Sigma) was solubilized in 0.01% DMSO. To get reliable effects, preparations were subjected to a 1-h bath application of 20 M thapsigargin and then superfused with saline containing 2 M thapsigargin as a precaution against washout. Controls contained 0.01% DMSO in the physiological solution. To release calcium from mitochondrial stores, 20 M veratridine was solubilized in 0.01% DMSO and applied to nerve terminals, whereas 20 mM caffeine (Sigma) was used to release calcium from the endoplasmic reticulum (Lnenicka et al. 2006; Shakiryanova et al. 2007 ). Ouabain (30 M, Sigma) was used to inhibit the Na ϩ -K ϩ ATPase (Torrie et al. 2004 ). The protonophore carbonyl cyanide m-chloro phenyl hydrazone (CCCP) (Sigma) was used to disrupt mitochondrial function. The Na ϩ /Ca 2ϩ exchanger was disrupted by replacing sodium ions with N-methyl-Dglucosamine (Sigma), while the plasma membrane Ca 2ϩ -ATPase was disrupted by elevating saline pH to 8.8 by substituting Tris buffer for the buffer normally present in the HL6 solution BES (Lnenicka et al. 2006) .
Preliminary experiments at room temperature revealed that both CCCP and veratridine elevated resting calcium levels and prevented evoked responses within minutes of exposure.
None of the other pharmacological agents on their own disrupted evoked responses or elevated the resting calcium substantially within the first hour of application. Because the temperature ramp thermotolerance test took Ͻ45 min, the effects observed are the combined result of the temperature stress and the pharmacologically disrupted mechanism. Prolonged exposure of the preparation to iodoacetate at room temperature did, however, lead to an elevation in resting calcium concentration and disruption of the evoked response, but only after Ͼ45 min of exposure. Other preliminary data showed that the time-dependent effects of iodoacetate were attenuated by exogenous ATP loaded into nerve terminals. The protective effects of the ATP lasted well over 90 min.
To test for the effect of prolonged elevation of resting calcium concentration on stimulus-evoked calcium response fidelity independently of elevated temperature, we placed a macropatch electrode (Wong et al. 1999) filled with ionomycin over a nerve terminal bouton loaded with Fura-dextran. Images were taken as described in the preceding text. Nerve terminal calcium concentration was assessed simultaneously in both a terminal exposed to ionomycin and a terminal distal to the macropatch electrode. Control experiments were carried out to examine the effect of imaging through a macropatch electrode and no difference in ratiometric measurements was detected, as previously shown for crayfish nerve terminals (Millar et al. 2005; Ravin et al. 1997) .
Statistical analysis
Significance of P Ͻ 0.05 (unless otherwise stated), was assessed with a t-test, or two-way ANOVA with the appropriate post hoc test (Holm-Sidak) where applicable. All values are reported as means Ϯ SE.
R E S U L T S
We investigated the role of presynaptic calcium clearance mechanisms in synaptic thermotolerance. Nerve-evoked Ca 2ϩ transients were monitored as an indicator of presynaptic competence in Ca 2ϩ homeostasis during normal activity. Steady-state free calcium concentration was measured using Fura-dextran in the type 1b nerve terminals on muscles 6 and 7 (Fig. 1A) . Rapid switching between 340 and 380 nm excitation allowed ratiometric calculation of intra-terminal [Ca 2ϩ ]. At each temperature, recordings were taken three times every 5 s: 20 s before, 20 s during, and 20 s after 30-Hz stimulation. The [Ca 2ϩ ] r increased dramatically as temperature was raised from 39 to 41°C. The amplitude of the stimulus-evoked Ca 2ϩ response was compromised at 41°C and [Ca 2ϩ ] r and did not return to peristimulus levels during the 20-s post stimulus recording period as it did at lower temperatures (Fig. 1B) . At 43°C, the [Ca 2ϩ ] r remained Ͼ200 nM, and the nerve terminals became unresponsive to stimuli.
The failure temperature of synaptic transmission was assessed by determining the temperature at which nerve stimulation failed to excite a postsynaptic potential during a temperature ramp (Fig. 1C) . Previous studies using this procedure (Karunanithi et al. 1999; Klose et al. 2008 ) have thoroughly described the effects of hyperthermia on excitatory junction potentials and currents (EJPs and EJCs). These studies indicated that presynaptic mechanisms limit thermotolerance of synaptic function. As temperature increases, synaptic responses decrease in amplitude (Fig. 1C) . Prior to the failure of synaptic transmission, a large increase in spontaneous transmitter release is observed (Fig. 1D) . We used these indicators as a measure of synaptic competence.
Role of ATP-dependent Ca 2ϩ pumps in thermotolerance of calcium regulation
Calcium can be actively pumped from the cytosol into the extracellular compartment through the plasma membrane Ca 2ϩ -ATPase (PMCA) or into the endoplasmic reticulum through the (SERCA). Disruption of either calcium clearance mechanism facilitated the temperature-dependent rise in [Ca 2ϩ ] r and reduced the upper temperature limit at which calcium responses could be evoked by stimulation (Fig. 2) .
High pH was used to disrupt PMCA function (Lnenicka et al. 2006 ) to investigate its role in synaptic thermotolerance. We increased pH by substituting BES with Tris buffer. At room temperature, high pH (8.8) slightly increased evoked calcium response amplitude (stimulus concentration -resting concentration) from 95.8 Ϯ 9.8 nM in controls (n ϭ 16) to 115.3 Ϯ 4.7 nM (n ϭ 6; Fig. 2A ). High pH facilitated the temperature-induced rise in [Ca 2ϩ ] r (Fig. 2A, . Evoked calcium responses began to fail in some preparations at 37°C (Fig. 2Aii) . At 39°C, the [Ca 2ϩ ] r in terminals exposed to high pH was 199.5 Ϯ 11.2 nM and electrotonic stimulation could not evoke a calcium response (Fig. 2Aiii) . Published results have reported that high pH saline doubles evoked calcium response amplitudes at room temperature (Lnenicka et al. 2006) . To reconcile the apparent differences, we repeated the room temperature experiments and found that the differences could be attributed to the HL3 solution used in the previous study. The amplitude of calcium responses increased by 18.8 Ϯ 6.0% (n ϭ 16) when pH was elevated in HL6 solution and by 92.2 Ϯ 8.3% in HL3 (n ϭ 4). The larger increase in the HL3 solution agreed with the previous report of Lnenicka et al. (2006), in which the HL3 solution was also used.
Failure temperature of synaptic transmission was significantly reduced from 41.0 Ϯ 0.8°C (n ϭ 7) in controls to 35.1 Ϯ 0.7°C (n ϭ 4) in preparations treated with high pH (Table 1) . This correlated well with the reduced temperature at which evoked presynaptic calcium responses failed in terminals also exposed to high pH.
To determine the importance of the SERCA pump in maintaining synaptic function during a hyperthermic stress, we pharmacologically blocked its function using 2 M thapsigargin. At room temperature, both [Ca 2ϩ ] r and stimulus-evoked calcium concentration ([Ca 2ϩ ] s ) were significantly elevated in treated terminals (Fig. 2B) . Thapsigargin has been shown to increase the amplitude of calcium responses but only at the onset of stimulation, before calcium-induced calcium release depletes the ER stores (Kuromi and Kidokoro 2002) . Thapsigargin has also been shown to slow calcium clearance from these nerve terminals (Lnenicka et al. 2006) . At 37°C, [Ca 2ϩ ] r and [Ca 2ϩ ] s in thapsigargin-treated terminals were significantly elevated. However, in contrast with the situation at room temperature, not all terminals were able to sustain a calcium response for the duration of the stimulation (Fig. 2Bii) . As temperature increased, so too did the [Ca 2ϩ ] r , with a dramatic increase of [Ca 2ϩ ] r in treated terminals from 129.7 Ϯ 17.4 nM at 37°C to 273.7 Ϯ 39.4 nM (n ϭ 8) at 39°C. This significant elevation of [Ca 2ϩ ] r coincided with a dramatic decline in calcium response amplitude (Fig. 2Biii) , In fact, only two of the seven preparations responded to stimulation. The temperature at which synaptic transmission failed was significantly reduced from 41.5 Ϯ 0.3°C (n ϭ 7) in control terminals exposed to physiological saline containing only DMSO to 38.5 Ϯ 0.6°C (n ϭ 7) in terminals exposed to physiological saline containing DMSO and thapsigargin (Table 1) . This also correlated well with the loss of evoked presynaptic calcium responses in thapsigargin-treated terminals. In each case, pharmacological disruption of ATP-dependent calcium pumps accelerated the hyperthermia-induced rise in [Ca 2ϩ ] r and reduced the thermotolerance of both evoked presynaptic calcium responses and postsynaptic potentials. This suggests that ATPdependent mechanisms limit the thermotolerance level of calcium regulation.
Next we directly tested the role of ATP in thermotolerance of nerve terminal calcium regulation. In one set of experiments, glycolysis was disrupted with iodoacetate to decrease ATP levels, whereas in another set of experiments, ATP levels were increased by forward loading exogenous ATP into nerve ter- 2. Disruption of ATP-dependent calcium clearing mechanisms reduces the themotolerance of presynaptic calcium regulation. A: disruption of plasma membrane calcium-ATPase by high pH reduced the themotolerance of presynaptic calcium regulation. i: a rise in extracellular pH to 8.8 elevated the evoked calcium response amplitude from 90.8 Ϯ 9.8 nM (n ϭ 16) to 115.3 Ϯ 4.7 nM at room temperature (RmT). High pH facilitated the temperatureinduced rise of [Ca 2ϩ ] r . ii: at 37°C, the [Ca 2ϩ ] r was 194.6 Ϯ 25.4 nM, which was significantly greater than in control boutons, which were 95.6 Ϯ 4.1 nM. Calcium-responses of small amplitude could only be evoked in high pH preparations with electrotonic stimulation. iii: at 39°C, the [Ca 2ϩ ] r in high pH preparations was 199.5 Ϯ 11.2 nM, significantly higher than in controls,142.9 Ϯ 6.9 nM, and evoked responses were completely disrupted, unlike in the controls which still responded. B: dyisruption of sarco-endoplasmic reticulum Ca 2ϩ -ATPase (SERCA) function by thapsigargin reduces nerve terminal calcium thermotolerance. i: at room temperature, application of thapsigargin (Thaps; n ϭ 8) significantly enhanced [Ca 2ϩ ] r from 38.1 Ϯ 3.9 nM in control to 61.5 Ϯ 5.0 nM in treated terminals. Thapsigargin also significantly increased response amplitude at RmT from control levels of 86.8 Ϯ 7.5 nM to 144.3 Ϯ 15.4 nM. At RmT, the entire calcium load could be removed within 5 s. ii: the [Ca 2ϩ ] r and response amplitude remained significantly higher in thapsigargin-treated preparations at 37°C. iii: the response amplitude was significantly diminished at 39°C. minals (Verstreken et al. 2005) . Disruption of glycolysis with iodoacetate facilitated the rise in [Ca 2ϩ ] r (Fig. 3A , i-iv) and reduced the thermotolerance of evoked calcium responses (Fig.  3Aiv) . [Ca 2ϩ ] in iodoacetate-exposed preparations was not different from controls at room temperature (RmT). However, [Ca 2ϩ ] r at 37°C was 196.8 Ϯ 10.2 nM (n ϭ 5), significantly higher than controls in which [Ca 2ϩ ] r was 95.6 Ϯ 4.1 nM (n ϭ 16), and stimulation could not evoke a calcium response. Failure temperature of synaptic transmission was significantly reduced from 41.0 Ϯ 0.8°C (n ϭ 7) in controls to 36.4 Ϯ 0.3°C (n ϭ 3) in iodoacetate-treated preparations (Table 1) . This correlated well with the reduced failure temperature of evoked presynaptic calcium responses in similarly treated preparations.
Fortifying ATP levels by forward loading it into terminals protected both [Ca 2ϩ ] r (Fig. 3B , ii-iv) and evoked calcium responses (Fig. 3Biv) at high temperatures. At 41°C, [Ca 2ϩ ] r in ATP-loaded terminals was 122.4 Ϯ 5.9 nM (n ϭ 8); in controls, [Ca 2ϩ ] r was 192.2 Ϯ 11.3 nM (n ϭ 16). At 43°C, [Ca 2ϩ ] r in ATP-loaded terminals was 135.9 Ϯ 6.3 nM, and stimulation could evoke a response, whereas in controls, [Ca 2ϩ ] was 227.0 Ϯ 12.8 nM and responses could not be evoked. Failure temperature of synaptic transmission was significantly elevated from 41.0 Ϯ 0.8°C (n ϭ 7) in controls to 43.8 Ϯ 0.6°C (n ϭ 6) in ATP-fortified preparations (Table 1) . This enhancement in thermoprotection paralleled the elevated failure temperature of evoked presynaptic calcium responses in similarly treated terminals. Thus exogenously loaded ATP enhanced the thermotolerance of resting calcium levels, the fidelity of evoked calcium responses, and the fidelity of synaptic transmission, while iodoacetate, which disrupts glycolytic ATP production, reduced the thermotolerance of each parameter.
Effect of prolonged calcium elevation on the fidelity of stimulus-evoked Ca 2ϩ responses
Loss of evoked calcium responses occurred in each treatment when [Ca 2ϩ ] r was above ϳ200 nM regardless of temperature (Figs. 1-4A) . However, elevation of [Ca 2ϩ ] r Ͼ200 nM for 20 s with 100-Hz stimulation at room temperature or 30-Hz stimulation at 39°C can be successfully repeated (Fig.   4A ). Thus chronic elevation of calcium may be necessary to disrupt evoked calcium responses. To test this possibility, we used a calcium-specific ionophore to examine the effects of chronic elevation of [Ca 2ϩ ] r in single boutons on the fidelity of calcium responses at room temperature. Focal application of the ionophore to the nerve terminal was used since bath application of ionomycin elevated calcium levels in muscle as well, leading to increased tonus and muscle twitching which interfered with imaging. A macropatch electrode filled with HL6 containing ionomycin was applied to a small region of the nerve terminal without affecting the muscle. Ionomycin (0.5 M) caused a progressive increase in [Ca 2ϩ ] r (Fig. 4Bi) . Stimulus-evoked calcium responses could still be elicited when [Ca 2ϩ ] r was between 100 and 200 nM (10 min of application; Fig. 4Bii) . However, when the [Ca 2ϩ ] r was Ͼ200 nM (30 min of application), responses could no longer be stimulated even when stimulation intensity was substantially increased in an attempt to electrotonically recruit voltage-activated calcium channels. In remote terminals of the same preparation not exposed to the ionophore, evoked calcium responses were still observed. Thus [Ca 2ϩ ] r of 200 nM for several minutes is sufficient to disrupt stimulus-evoked Ca 2ϩ responses. Whether the hyperthermiainduced elevation in calcium results from entry of extracellular calcium or from release of internal stores is unclear.
Disruption of non-ATP-dependent Ca 2 clearance mechanisms in thermotolerance
In addition to ATP-dependent mechanisms, free ionic calcium can be cleared from the cytosol in a non-ATP-dependent manner through sequestration into the mitochondria (Guo et al. 2005) and by removal through the Na ϩ /Ca 2ϩ exchanger into the extracellular matrix.
Replacement of extracellular Na ϩ with N-methyl-D-glucamine (NMDG) was used to disrupt the Na ϩ /Ca 2ϩ exchanger. Because the exchanger typically brings Na ϩ into the cytosol in exchange for Ca 2ϩ , we hypothesized that disrupting the exchanger would facilitate the temperature-induced rise in calcium. However, following NMDG application, the typical elevation in [Ca 2ϩ ] r was prevented (Fig. 5A, i-iii) . This suggests that under normal conditions, the Na ϩ /Ca 2ϩ exchanger reverses function at high temperature, causing an elevation of Excitatory junctional potentials (EJPs) were recorded during a progressive step-wise temperature ramp and the temperature at which nerve stimulation fails to excite a post synaptic potential was assessed. Average failure temperatures are listed comparing test and control preparations as well as the difference in temperature between them. The appearance or lack of appearance of an abrupt increase in spontaneous transmitter release prior to failure of synaptic transmission was also documented. n values are in parentheses. PMCA, plasma membrane Ca 2ϩ -ATPase; SERCA, sarco-endoplasmic reticulum Ca 2ϩ -ATPase; CCCP, carbonyl cyanide m-chloro phenyl hydrazone; RMT, room temperature.
[Ca 2ϩ ] r . At 35°C, evoked calcium responses were disrupted in spite of the relatively small rise in [Ca 2ϩ ] r above controls to 92.3 Ϯ 6.5 nM (n ϭ 6; Fig. 5Aii ). In all other treatments, evoked responses were disrupted when [Ca 2ϩ ] r was ϳ200 nM. The observed small rise in [Ca 2ϩ ] r could result from partial function of the Na in experiments using physiological solution with no sodium (Table 1). This reduced failure temperature paralleled the reduced temperature at which evoked presynaptic calcium responses could no longer be evoked in preparations exposed to the same conditions.
To shed further light on the source of calcium accumulation in the cytosol at high temperatures, we removed calcium from the saline and replaced it with 1 mM EGTA. Removal of Ca 2ϩ from the saline had no effect on resting intracellular calcium levels at room temperature (Fig. 5Bi) ; however, the temperature-induced rise in resting [Ca 2ϩ ] was attenuated (Fig. 5B, i-iii) .
At 39°C, the [Ca 2ϩ ] r was 67.7 Ϯ 3.4 nM without extracellular calcium in the saline. This is less than half the magnitude measured in controls with Ca 2ϩ in the saline for the entire duration of the temperature ramp. When extracellular Ca 2ϩ was restored at 39°C, evoked calcium responses returned with an amplitude of 87.9 Ϯ 11.5 nM, which was not different from controls, 87.3 Ϯ 6.7 nM (Fig. 5Bii) . When the temperature was raised to 41°C in preparations that had calcium previously restored at 39°C, the [Ca 2ϩ ] before, during, and after stimulation was not different from the controls that were bathed in Ca 2ϩ throughout the entire experiment. At 41°C, in preparations without extracellular calcium, the [Ca 2ϩ ] r was 91.6 Ϯ 3.3 nM, which was significantly higher than resting levels at 39°C in the same calcium-free solution. This significant rise in resting calcium from 39 to 41°C must come from internal sources since no calcium is available from external sources (Fig. 5Biii) . Interestingly, when calcium was restored to the saline at this temperature, evoked responses could not be recovered in any preparations.
Thus under hyperthermic conditions, the Na ϩ /Ca 2ϩ exchanger may reverse function and extrude accumulating sodium, thereby causing the entry of extracellular calcium into the cytosol and its accumulation.
To examine the effects of elevated cytosolic sodium on calcium regulation, we blocked the Na ϩ -K ϩ ATPase with ouabain, which elevates Na ϩ levels (Torrie et al. 2004) . At room temperature, ouabain had no effect on resting or evoked calcium levels (Fig. 5Ci) . However, at 37°C, [Ca 2ϩ ] r was significantly above control, and calcium responses could not be evoked (Fig. 5Cii) . This reveals that elevating intracellular sodium accelerates hyperthermia-induced rise in cytosolic calcium and disruption of evoked responses, further supporting the hypothesis that the Na ϩ /Ca 2ϩ exchanger contributes to the hyperthermia-induced misregulation of ionic homeostasis, which may ultimately lead to the disruption of both evoked calcium response and EJPs. Figure 6Ai plots the average [Ca 2ϩ ] r prior to stimulation at each temperature with ϫ indicating the loss of fidelity in evoked calcium responses in the expanded portion (Fig. 6Aii) . This graph reveals that release of calcium from internal stores, ] r in 0 Ca 2ϩ preparations was 67.7 Ϯ 3.4 nM (n ϭ 4), significantly lower than in controls, which were 142.9 Ϯ 6.9 nM (n ϭ 16). In preparations where extracellular Ca 2ϩ (0.5 mM) was restored at 39°C (n ϭ 4), evoked responses were restored and the [Ca 2ϩ ] r following stimulation rose significantly to 97.4 Ϯ 3.1 nM. Iii: at 41°C, the [Ca 2ϩ ] r in preparations which had Ca 2ϩ restored previously, at 39°C was 181.3 Ϯ 22.3 nM (n ϭ 4) and was not different from controls, which were 202.0 Ϯ 18.5 nM (n ϭ 16), but was significantly higher than preparations maintained in 0 Ca 2ϩ solution, which were 91.6 Ϯ 3.3 nM (n ϭ 4). When Ca 2ϩ was restored at 41°C, Ca 2ϩ responses could no longer be evoked, yet [Ca 2ϩ ] r was 101.3 Ϯ 7.2 nM (n ϭ 4), well below preps exposed to extracellular calcium at lower temperatures. Significant difference between control and 0Ca 2ϩ (*), between 0 Ca 2ϩ and restored 0 Ca 2ϩ (ˆ), and between control and restored Ca 2ϩ (#). C: ouabain (30 M) was used to disrupt the Na ϩ /K ϩ exchanger to elevate intracellular Na ϩ . i: at RmT, ouabain had no effect on calcium levels. ii: at 37°C, [Ca 2ϩ ] r increased from 87.3 Ϯ 4.3 nM (n ϭ 16) in controls to 199.1 Ϯ 10.4 nM and stimulation could not evoke a response.
Role of internal calcium stores in maintaining fidelity of evoked calcium response
seen by a rise to ϳ90 nM in preparations either lacking extracellular calcium or the means to bring it into the cytosol through the Na ϩ /Ca 2ϩ exchanger, correlates with the loss of evoked calcium responses.
To examine the origin of the internal release, endoplasmic reticulum and mitochondrial calcium stores were pharmacologically targeted using caffeine and veratridine. Release of calcium from internal stores can be induced by veratridine in the absence of bath Ca 2ϩ (Shakiryanova et al. 2007 ). The effects of veratridine on calcium-induced vesicle mobility acts independently of the ER, suggesting mitochondrial calcium stores are released (Shakiryanova et al. 2007 ). To test this directly, we applied veratridine in the absence of bath calcium to dmiro mutant terminals, which lack mitochondria in nerve terminals (Guo et al. 2005) . The intracellular calcium concentration was 41.8 Ϯ 5.0 nM (n ϭ 5) before veratridine application and 41.3 Ϯ 8.5 nM following application. The lack of a significant difference indicated that there was no release of internal calcium stores. Conversely, application of veratridine, in Ca 2ϩ -free solution, to control terminals containing mitochondria resulted in a large transient rise in intracellular calcium to 151.5 Ϯ 14.5 nM (n ϭ 4), which decayed slowly to 89.6 Ϯ 3.6 nM within 30 s (Fig. 6B) . Following the release of calcium from mitochondria, further calcium responses could not be evoked with 30-Hz stimulation once Ca 2ϩ was restored to the physiological solution (Fig. big) . Conversely, following release of calcium from the ER with caffeine, calcium levels returned from a peak of 142.1 Ϯ 20.4 (n ϭ 4) to peristimulus levels within 20 s. Calcium responses could be successfully evoked following caffeine application (Fig. 6C) . This suggests that release of calcium specifically from mitochondria precedes the loss of evoked calcium responses.
Release of calcium stores from mitochondria also occurs following the disruption of the respiratory chain using CCCP. . ii: a magnification of graph Ai. B: veratridine induces the release of internal calcium stores, preventing evoked responses. i: pre veratridine control. ii: veratridine transiently elevated nerve terminal calcium concentration. Intracellular calcium concentration recorded within 5 s of application reveals a peak of 151.5 Ϯ 14.5 nM (n ϭ 4), which decayed slowly to 89.6 Ϯ 3.6 nM. iii: following 5 min of veratridine washout, calcium concentration remained elevated at 88.2 Ϯ 10.1 nM and calcium responses could not be evoked by stimulation. C: caffeine induces release of internal calcium stores without disrupting evoked responses. i: precaffeine control calcium response amplitude was 72.7 Ϯ 5.9 nM. ii: caffeine transiently elevated nerve terminal calcium concentration. Intracellular calcium concentration recorded within 5 s of application reveals a peak of 142.1 Ϯ 20.4 (n ϭ 4), which decays to preapplication levels within 30 s. iii: following the application of caffeine, calcium responses can still be evoked with an amplitude of 55.6 Ϯ 7.3 nM, which was significantly smaller than preapplication controls.
Although glycolysis provides sufficient ATP to maintain resting calcium levels in mutant dmiro terminals lacking mitochondrial ATP (Guo et al. 2005) , evoked responses were nonetheless disrupted in wild-type larvae by CCCP-induced disruption of mitochondrial function (Fig. 7A) . Together this suggests that disruption of ATP production following CCCP exposure is not initially responsible for the loss of evoked responses. More likely, the release of internal mitochondrial stores, which would follow CCCP exposure, is responsible for the disruption of evoked calcium responses.
Further support for a role of mitochondrial disruption in hyperthermia-induced block of evoked calcium responses comes from mitochondria-free nerve terminals in dmiro mutants (Guo et al. 2005) . At room temperature, calcium regulation is relatively normal for brief periods of stimulation, with deficits seen only during prolonged repetitive stimulation (Guo et al. 2005) . Similar deficits were seen when we exposed dmiro terminals to very mild increases in temperature. At 33°C, [Ca ϩ2 ] r was significantly elevated above controls (P[ryϩ,FRT] 83B,ryϪ) revealing a profound reduction in the ability to maintain calcium homeostasis (Fig. 7Bi) . Interestingly, Ca ϩ2 responses could still be evoked even when [Ca ϩ2 ] r was significantly higher than 200 nM for several minutes (Fig. 7B, ii-iii) , which in all other terminals was a level that coincided with the loss of evoked Ca ϩ2 responses.
D I S C U S S I O N
We examined roles in synaptic thermotolerance of mechanisms responsible for maintaining Ca 2ϩ homeostasis. ATP limits nerve terminal Ca 2ϩ regulation during hyperthermia. Disrupting ATP production either genetically or pharmacologically reduces the nerve terminal's ability to maintain synaptic function during hyperthermic stress, whereas fortifying energy levels with exogenous ATP enhances it. Experiments using nerve terminals lacking mitochondria suggest that glycolysis produces sufficient ATP to maintain competent synaptic function under nonstressful conditions (Guo et al. 2005; Verstreken et al. 2005) . We show that during hyperthermia, both sources of energy production are required for maintaining presynaptic calcium homeostasis and for maintaining the fidelity of evoked Ca 2ϩ responses and evoked synaptic transmission. Our evidence indicates that during hyperthermia, the Na ϩ / Ca 2ϩ exchanger, operating in the reverse mode, brings calcium into the cytosol. This imposes an energetic demand on the nerve terminal to clear the Ca 2ϩ . After a prolonged exposure, Ca 2ϩ stores are released and evoked synaptic responses are lost. Releasing Ca 2ϩ specifically from mitochondria, but not from the ER, disrupts synaptic responses.
Role of ATP-dependent calcium clearance in synaptic thermotolerance
At 43°C, nerve stimulation failed to evoke either a Ca ] r was 26.8 Ϯ 2.9 nM, and calcium responses could not be evoked (n ϭ 6). B: calcium regulation in Drosophila dmiro neuromuscular nerve terminals. i: at 33°C, [Ca ϩ2 ] r in dmiro mutant terminals was 116.9 Ϯ 10.9 nM, well above controls at 56.9 Ϯ 2.9 nM. ii: at 37°C, [Ca ϩ2 ] r in dmiro mutant terminals was 189.0 Ϯ 20.5 nM, significantly higher than controls at 89.3 Ϯ 12.1 nM. iii: at 39°C, [Ca ϩ2 ] r in dmiro terminals (n ϭ 6) is elevated to 247.5 Ϯ 8.0 nM, well above control levels, which was 155.7 Ϯ 9.5 nM (P[ryϩ,FRT] 83B,ryϪ; n ϭ 6). At both 37 and 39°C, [Ca ϩ2 ] r is above 200 nM, yet calcium responses are maintained. (Klose et al. 2008) . Disruption of either energy-dependent calcium clearing mechanism, the SERCA or the PMCA, accelerated the temperature-induced elevation in [Ca 2ϩ ] r and reduced the upper temperature limit of both evoked Ca 2ϩ responses and synaptic transmission. Furthermore, disrupting glycolysis with iodoacetate, an inhibitor of glyceraldehyde-3-phosphate dehydrogenase (Kockskämper et al. 2005) , mimicked the disruptive effects of blocking the ATP-dependent calcium pumps, whereas supplementing energy stores with exogenous ATP protected synaptic function at elevated temperatures. Together these observations reveal that ATP-dependent calcium regulating mechanisms limit synaptic function at high temperatures.
Mammalian N-type calcium channels are up-regulated by phosphorylation (Martin et al. 2006) . Thus ATP levels might regulate N-type calcium channel function in Drosophila nerve terminals. ATP depletion has been shown to activate Drosophila TRP channels that could also disrupt neuronal function (Agam et al. 2004) . Targeted motoneuronal expression of hsp70 has been shown to thermoprotect calcium regulation in this preparation (Klose et al. 2008) . In mammalian fast twitch muscle, temperature-induced decreases in SERCA activity can be attenuated by exogenous hsp70, thereby protecting calcium regulation (Tupling et al. 2004 (Zhong et al. 2001) . In human epidermal cells exposed to high temperatures, Ca 2ϩ enters and Na ϩ is cleared by the Na ϩ /Ca 2ϩ exchanger revealing a hyperthermia-reversed mode of function (Kiang et al. 1992) . Reverse mode function of the exchanger can also be induced by oxidative stress (Yang et al. 2004 ). This reversal is believed to be regulated by the Na ϩ gradient (Watanabe et al. 2006 ). Whether this is protective or disruptive is controversial. Calcium imaging experiments using BHK cells transfected with Na ϩ /Ca 2ϩ exchanger isoform 3 suggests that the reversal is protective against hypoxia-induced cell death (Secondo et al. 2007 ), whereas in another study, blocking the reverse mode of the exchanger was protective against ischemia-reperfusion pathologies (Elias et al. 2001) . The reversal of function may be initially protective, acting to slow the buildup of Na ϩ . Abnormally high Na ϩ increases osmotic pressure and can elevate reactive oxygen species, induce cytoskeletal rearrangement, inhibit transcription and translation, damage both DNA and proteins, and disrupt mitochondrial function (Takeo and Tanonaka 2004 Ouabain, which disrupts the Na ϩ /K ϩ -ATPase thereby reducing the clearance of intracellular Na ϩ (Rahamimoff et al. 1980) , facilitated the temperature-induced rise in [Ca 2ϩ ] r and loss of evoked responses. This suggests that the nerve terminal reacts to an increased Na ϩ load by elevating Ca 2ϩ and supports the idea that excessively elevated Na ϩ can disrupt Ca 2ϩ regulation. Elevated Na ϩ depolarizes the axon and could render the nerve terminal nonexcitable to further stimulation if the terminals space constant were altered sufficiently. However, this is not likely because hyperthermic terminals lacking mitochondria remained excitable even after ionic homeostasis and synaptic transmission had been disrupted. Veratridine, which elevates intracellular Na ϩ through persistent activation of Na ϩ channels (Suzuki and Wu 1984) , also caused an elevation in intracellular calcium concentration but only in terminals containing mitochondria. Regulatory roles for Na ϩ in synaptic function were supported by earlier studies of synaptic modulation (Atwood et al. 1975; Birks and Cohen 1968; Sherman and Atwood 1971) . Na ϩ can initiate the release of Ca 2ϩ from mitochondria in both vertebrate and invertebrate neuromuscular junctions (Rahamimoff et al. 1980; Zhong et al. 2001 ). This effect has been used to explain the potentiation of transmitter release after vigorous stimulation and in fact may underlie the so-called "augmentation" phase of enhanced release (Rahamimoff et al. 1980; Zhong et al. 2001) . During hyperthermia, Na ϩ entry may surpass the normal physiological limit and go beyond the potentiation of release, leading instead to disruptive Ca ϩ2 levels and failure of synaptic transmission.
In all manipulations, EJP amplitude decreased with increasing temperature, and prior to transmission failure, a large increase in spontaneous transmitter release could be observed. In all manipulations except for those involving mutant dmiro terminals lacking mitochondria, loss of evoked Typically, the temperature-induced disruption of EJPs is preceded by an increase in spontaneous release of transmitter and occurs along with the loss of evoked Ca 2ϩ responses regardless of treatment (Klose et al. 2008) . This suggests synaptic function is lost due to disruption of presynaptic Ca 2ϩ handling. However, in experiments using dmiro mutants, synaptic transmission fails before the loss of evoked calcium responses, suggesting that other stress-sensitive synaptic mechanisms can determine the thermotolerance level of synaptic transmission. Both vesicle exocytosis and endocytosis are phosphorylation-dependent processes (Robinson et al. 1993; Wang et al. 2004 ) that could limit the thermotolerance of synaptic function in the absence of mitochondria. In wild-type nerve terminals, the temperature-induced loss of evoked Ca 2ϩ responses requires the presence of mitochondria, further suggesting that mitochondrial mechanisms sensitive to the disruption of ionic homeostasis are responsible for the disruption of the Ca 2ϩ responses and synaptic transmission. In several other organisms, spontaneous release of transmitter can be induced by alterations in cytosolic Ca 2ϩ caused by either pharmacological disruption of mitochondria or disruption of the sodiumcalcium exchanger (Alnaes and Rahamimoff 1975; Scotti et al. 1999) .
The small temperature-induced rise in Ca 2ϩ to ϳ90 nM that occurred in the absence of extracellular Ca 2ϩ revealed a stress-induced release from internal stores, likely the result of elevated intracellular Na ] r above 200 nM; release of calcium from the endoplasmic reticulum with caffeine did not prevent further evoked calcium responses. Disruption of mitochondria interrupts oxidative phosphorylation and releases reactive oxygen species, degradative enzymes, and several other factors in addition to calcium (Dong et al. 2005) . Because evoked calcium responses occur in terminals lacking mitochondria (Guo et al. 2005; Verstreken et al. 2005) , loss of oxidative phosphorylation is likely not directly responsible for the loss of evoked responses. Thus disruption of mitochondrial function and the subsequent release of internal contents into nerve terminal cytosol are sufficient and likely necessary for the temperature-induced loss of evoked calcium response.
In summary, as temperature increases, the Na ϩ /Ca 2ϩ exchanger reverses function bringing extracellular Ca 2ϩ into the nerve terminal to reduce the Na ϩ load. The metabolic burden of maintaining ionic homeostasis at high temperatures leaves the ATP-dependent pumps unable to maintain synaptic function. Thus insufficient ATP likely causes the loss of ionic homeostasis, which disrupts mitochondrial function causing the release of its internal stores, which in turn induces spontaneous release of neurotransmitter and leads to the loss of 
